ABSTRACT
A sthma affects 4 -17% of children in the United States 1-5 and 2.8 -37% of children worldwide, depending on the country. 6 A recent review article highlighted the significant morbidity due to the increased risk of common and serious microbial infections associated with asthma. 7 Our recent population-based study showed that children with a history of asthma had a significantly increased risk of herpes zoster (HZ) compared with those without asthma (odds ratio [OR] 2.09 [95% confidence interval [CI], 1.24 -3.52]; p ϭ 0.006), 8 which indicated the potential impact of asthma on nonairway-related infection. The original study ascertained asthma status by applying predetermined asthma criteria (PAC), which was used for previous studies that showed the association of asthma with increased risks of common and serious microbial infections (e.g., serious pneumococcal diseases, pertussis, Streptococcus pyogenes upper respiratory infection, and recurrent or persistent otitis media). 9 -12 However, it is unknown whether the original study findings on the association between asthma and the increased risk of HZ are true when a different asthma criteria, e.g., the Asthma Predictive Index (API), 13 was applied.
Briefly, the API was developed to predict childhood asthma based on the risk factors during the first 3 years of life 13 and is suggested for use in research of childhood asthma by the 2007 National Asthma Education and Prevention Program guideline. 14 Because the API has only been used in prospective or cross-sectional studies, [15] [16] [17] [18] [19] not a retrospective study, we recently validated use of the API for a retrospective study. The API and PAC showed a high concordance rate (82.9%), and the API showed excellent construct validity in association with known risk factors for asthma, such as other atopic conditions, a family history of asthma, and lower parental education, which indicates suitability of using the API for a retrospective study. 20 We hypothesized that the association between asthma and the increased risk of HZ is consistent, independent of asthma criteria (consistency). To test this hypothesis, as a follow-up study to the original study, which showed an increased risk of HZ among children with asthma defined by the PAC, we sought to determine whether asthma defined by different criteria, e.g., API, is still associated with an increased risk of HZ in children. This study was approved by the institutional review board for human subject research at the Mayo Clinic and the Olmsted Medical Center.
METHODS

Study Setting
Olmsted County, Minnesota, is an excellent setting to conduct a population-based epidemiologic study because medical care is virtually self-contained within the community. In addition, when patients register with any health care provider in the community (e.g., as a newborn), they, or their parents or legal guardian, are asked to grant or refuse authorization of use of their medical records for research. Authorization is granted by more than 95% of all individuals. 21 Medical records research by using the geographically defined population of Olmsted County is possible through the Rochester Epidemiology Project (REP), which has been continuously funded by the National Institutes of Health and has been maintained since 1960. [22] [23] [24] [25] All clinical diagnoses given to an Olmsted County resident who visits nearly any health care facility in the county are electronically indexed to the individual by using a unique REP patient identifying number, and information from every episode of care is contained within the REP data base. By using REP resources, a previous study demonstrated that incidence rates of asthma for this community are similar to other communities. 26 
Study Design and Subjects
This is a geographically defined population-based case-control study based on all pediatric patients with HZ between 1996 and 2001 in Olmsted County, Minnesota, who were enrolled in our previous study. Details of study subjects were previously described. 8, 27, 28 Briefly, HZ cases were initially identified by the International Classification of Diseases, 9th Revision (ICD-9) codes (053.xx), and medical records for each potential subject were reviewed to verify that the subject was indeed a new case of HZ, based on predetermined criteria for HZ. Confirmation required a characteristic rash (i.e., vesicular rash on a dermatome) and signs or symptoms of pain or itching at the rash site, in addition to a physician's diagnosis of HZ. Exclusion criteria included a lack of authorization for the use of medical records for research, nonresidence in Olmsted County, Minnesota, and another diagnosis that possibly explained the rash, e.g., a culture positive for herpes simplex. Their corresponding 1:1 age-and sex-matched controls without a history of HZ as of the index date were identified from Olmsted County residents. In addition to those for the original study, we also excluded children whose medical records were unavailable to ascertain asthma status by the API (e.g., adopted children or first registration in the clinic after the age of 3 years). Pertinent information on sociodemographic and clinical characteristics of subjects collected for the original study were used in this present study.
Ascertainment of Asthma Status by the API, PAC, and Physician Diagnosis
We conducted comprehensive medical record reviews to determine asthma status by applying (1) the API criteria based on the first 3 years of life (original API), (2) API criteria based on the entire follow-up duration beyond the first 3 years of life (API ever), (3) PAC, and (4) a physician diagnosis of asthma documented in the medical records. The API is summarized in Table 1 , and the operational details for applying the API were reported in our recent study. 20 We applied two separate API criteria based on the duration of follow-up, as described above (original API versus API ever). The PAC is summarized in Table 2 . Briefly, the PAC was developed to be applied to retrospective studies that concerned asthma epidemiology by the asthma researchers, Yunginger and Reed. 29 To our knowledge, the PAC is the only predetermined criteria that can be applied to medical records retrospectively without using ICD codes for asthma. Since its development, it has shown high reliability (0.72-0.92) and excellent construct validity to predict various risk factors for asthma. 9 -12,29,30 The onset date of asthma (asthma index date) by the PAC was defined as the earliest constellation of symptoms found in the medical record that met the PAC for asthma regardless of physician diagnosis of asthma. Because most subjects with probable asthma by the PAC (85%) that became definite asthma over time, we combined both probable and definite asthma. 29 
Statistical Analysis
The primary aim of the analysis was to determine the association between asthma defined by various criteria and the risk of HZ. Data were fit to multivariate logistic regression models to calculate ORs and their corresponding 95% CIs for asthma status defined by each definition (i.e., original API, API ever, PAC, and ICD-9 code) in relation to the risk of HZ controlling for pertinent covariates and confounders such as a varicella vaccine history and atopic status, defined as the presence of sensitization against an aeroallergen or a food allergen. We used the Greenland entry criteria (p Ͻ 0.20, based on univariate analysis). All analyses were performed by using the JMP statistical software package (version 9.0.1; SAS Institute, Inc., Cary, NC).
RESULTS
Of the original 554 subjects, 95 children (56 cases and 39 controls) were excluded (7, withdrawal of research authorization; 11, adoption; 77, unable to apply the API due to insufficient information during the first 3 years of life), and the comparison of basic characteristics between the included and excluded children is summarized in Supplemental Table 1 . Overall, the excluded and included subjects were similar except for white race (82% versus 93%; p ϭ 0.001). Characteristics of the subjects with HZ and the controls are summarized in Table 3 . Of the remaining 221 subjects, 53% were female and 94% were white. The mean (SD) age at diagnosis of HZ was 9.7 Ϯ 4.2 years. The onset age of Pulmonary function tests that showed FEV 1 to be consistently Ͻ50% predicted or diminished diffusion capacity Tracheobronchial foreign body at or about the incidence date Hypogammaglobulinemia (immunoglobulin G Ͻ 2.0 mg/mL) or other immunodeficiency disorder Wheezing occurring only in response to anesthesia or medications The following diseases excluded the patient from the study if they occurred before the incidence date:
Bullous emphysema or pulmonary fibrosis on chest radiograph PiZZ ␣ 1 -antitrypsin Cystic fibrosis Other major chest disease such as juvenile kyphoscoliosis or bronchiectasis primary HZ in children with asthma defined by original API tended to be younger than those without asthma among subjects with HZ only (10.4 Ϯ 4.1 years versus 8.6 Ϯ 4.2 years; p ϭ 0.092).
Asthma Defined by Different Asthma Criteria and the Risk of HZ
Results for the association between asthma and HZ are summarized in Table 3 . Seventeen of the 221 subjects (7.7%) had asthma by the original API before the index date of HZ compared with 8 of the 238 controls (3.4%) (unadjusted OR 2.40 [95% CI, 1.01-5.67]; p ϭ 0.041). Similarly, asthma status defined by all other criteria before the index date was associated with the increased risk of HZ. The results based on multivariate models to adjust for pertinent covariates and confounders are summarized in Table 4 . After adjusting for atopic status, defined as the presence of sensitization against an aeroallergen or a food allergen, and a varicella vaccination history, a history of asthma defined by original API was significantly associated with the increased risk of HZ (adjusted OR 2.56 [95% CI, 1.08 -6.56]; p ϭ 0.032) ( Table 4 ). This was true for the association between asthma defined by other criteria and the risk of HZ except a physician diagnosis of asthma that only showed borderline significance. Atopic status was significant or approached statistical significance in multivariate models. A history of varicella vaccination was consistently associated with a decreased risk of HZ. Inhaled corticosteroid use was not associated with the risk of HZ.
DISCUSSION
Analysis of our study results demonstrated that asthma status defined by different criteria was consistently associated with an increased risk of HZ in children. These results helped affirm the association between asthma and an increased risk of HZ. The results of this present study confirmed the original study findings on the relationship between asthma defined by the PAC and an increased risk of HZ. 8 In addition, the direction of the association was consistent, despite the definition of asthma status by four different criteria that controlled for all pertinent covariates. Atopic status was similarly associated with the increased risk of HZ, although the association only approached to sta- tistical significance. Varicella vaccine was consistently protective against HZ, which confirmed our previous study finding. Although 95 children were excluded from the original study, it is unlikely to significantly influence the results and our interpretation of the results because the subjects included and those excluded were similar except race. These results helped establish consistency and coherence in causal inference between asthma and the risk of HZ in children, and are particularly important given the reported heterogeneity of asthma. [31] [32] [33] [34] Overall, analysis of the results indicated that asthma may have the potential impact on a nonairway-related infection such as HZ.
We recently reported an increased risk of HZ among adults with asthma compared with those without asthma. 35 This study finding was corroborated by the two recent studies that indicated associations of asthma with the increased risk of HZ. 36, 37 The mechanisms that underlie the potential associate between asthma and HZ are unknown. The recent review article on the increased risk of microbial infections associated with asthma covered the potential mechanisms that underlie the relationship between asthma and the increased risk of common and serious microbial infections. 7 Both innate and adaptive immune dysfunctions associated with clinical asthma and immunogenic predisposition to asthma might play a role. One noteworthy study showed a more rapid waning of humoral immunity (antimeasles immunoglobulin G levels) over time in children with asthma than in children without asthma, 38 which potentially indicates that asthma might affect kinetics or functions of B cells over time in a way that makes the host susceptible to vaccineinduced microbial infections. 10 Given that cell-mediated immunity (CMI) is known to decline with age as part of immunosenescence and that decreased CMI is associated with reactivation of varicella zoster virus, our study results might indicate that asthma affects the waning of CMI in addition to the reported impaired innate immunity. 38, 39 The younger age of HZ onset among children with asthma in this study may support this possibility of more rapidly decreasing CMI function compared with those without asthma. Along these lines, future studies need to address the relationship between asthma and the risk of other latent infections such as herpes simplex virus (HHV-1 and HHV-2), Epstein-Barr virus (HHV-4), cytomegalovirus (HHV-5), and roseolovirus (HHV-6).
Our study results have clinical and research implications. Clinicians and parents of children with asthma need to be aware of our study findings for early detection and treatment for HZ. In HZ vaccine research, asthma might be an important clinical condition to be considered in designing vaccine studies. Because asthma poses an increased risk of microbial infection, including the 2009 novel H1N1 influenza, 40 -43 it continues to raise a public health concern, as shown in the recent emerging infectious disease, e.g., enterovirus D68, which poses a risk for severe symptoms among children with asthma. 44 -46 There are inherent limitations in our study as a retrospective study. The original API limited relevant medical information to the first 3 years of life. Asthmarelated symptoms continue to occur beyond the first 3 years of life, which affect the ascertainment of asthma status, as suggested by Yunginger et al. 29 Thus, we included the API ever, which included all medical information beyond the first 3 years of life. The results based on asthma status by the API ever were similar to those by the original API. Some missing data of major and minor criteria in the API may affect the results of study. For example, in this retrospective study, eosinophilia data were not available for all the subjects. Eosinophilia was defined by Ն4% of the total white blood cells in the test performed before the age of 1 year because blood specimens of the original API study were obtained at the age of 1 year (mean [SD]: 10.9 Ϯ 0.6 months). 13 The original API study reported that only 10% of the subjects had eosinophilia and that eosinophilia was seldom used for diagnosing asthma because it is not a specific marker for asthma, particularly in patients with mild asthma. 47, 48 Further, the proportion of missing eosinophilia data in the present study was not different between the HZ group and the control group (which were 85% versus 83% respectively), which indicates nondifferential misclassification bias. Thus, we believe it is unlikely to influence our study results.
Our study has important strengths. This is a population-based study design, which minimizes a selection bias. In addition, ascertainment of asthma status by using the API was performed independent of asthma status by a physician diagnosis of asthma, which minimized an observational bias. Our study setting has unique advantages, including a self-contained health care environment and a medical record linkage system that links patients and their medical records to health care providers.
In conclusion, asthma is consistently associated with an increased risk of HZ in children and adolescents, despite ascertainment of asthma status by different criteria. The mechanisms that underlie this association should be explored in future studies.
